Follicular lymphoma has considerable clinical heterogeneity, and there is a need for easily quantifiable prognostic biomarkers. Microvessel density has been shown to be a useful prognostic factor based on numerical assessment of vessel numbers within histologic sections in some studies, but assessment of tumor neovascularization through angiogenic sprouting may be more relevant. We therefore examined the smallest vessels, single-staining structures measuring less than 30 m 2 in area, seen within histologic sections, and confirmed that they were neovascular angiogenic sprouts using extended focal imaging. Tissue microarrays composing diagnostic biopsies from patients at the extremes of survival of follicular lymphoma were analyzed with respect to numbers of these sprouts. This analysis revealed higher angiogenic activity in the poor prognostic group and demonstrated an association between increased sprouting and elevated numbers of infiltrating CD163 ؉ macrophages within the immediate microenvironment surrounding the neovascular sprout. (Blood. 2010;115(24): 5053-5056) Introduction Follicular lymphoma (FL) patients have an indolent clinical course with a median survival of 10 years, but the clinical course is very heterogeneous; some patients have rapid disease progression and short survival, 1 with worse prognosis in those patients who transform to a more aggressive histology. 2,3 The Follicular Lymphoma International Prognostic Index 4,5 helps to risk-stratify patients but has limited discriminative power, and additional prognostic biomarkers providing insight into underlying disease biology are urgently required.
Introduction
Follicular lymphoma (FL) patients have an indolent clinical course with a median survival of 10 years, but the clinical course is very heterogeneous; some patients have rapid disease progression and short survival, 1 with worse prognosis in those patients who transform to a more aggressive histology. 2, 3 The Follicular Lymphoma International Prognostic Index 4,5 helps to risk-stratify patients but has limited discriminative power, and additional prognostic biomarkers providing insight into underlying disease biology are urgently required.
The use of simple, numerical quantification of blood vessels in histologic sections as a prognostic marker in FL has provided conflicting results. 6, 7 An inherent limitation of conventional microvessel density analyses on histologic sections is that it provides only a relatively thin, 2-dimensional representation of the 3-dimensional, branching network of tumor vasculature and a static snapshot of the dynamic process of tumor neovascularization. We sought to establish whether the smallest-sized vascular structures, lacking a lumen, which are seen in routine sections, correspond to angiogenic sprouts; and whether quantifying these vascular sprouts could provide an improved surrogate measure of angiogenic activity and its effect on subsequent clinical outcome.
The immune microenvironment in FL is intimately linked to clinical behavior and response to treatment, [8] [9] [10] and increased numbers of tumor-associated macrophages (TAMs) in FL diagnostic biopsies indicate adverse prognosis, 11 although this appears to be dependent on treatment used. 12, 13 Macrophages adapt to activation signals in their environment and display plasticity of phenotype when activated. TAMs exhibit an alternatively activated (M2) phenotype, which is proangiogenic, 14 tumor-promoting, and a potential target for anticancer therapy. 15 We used a panel of macrophage markers to quantify macrophage numbers within the immediate microenvironment of neovascular sprouts and identify any association between the extent of angiogenic sprouting and number of TAMs as well as their impact on clinical outcome, based on predefined analysis areas assigned on linked serial sections using image analysis software.
Methods

Patient samples, controls, and TMA
An extreme of survival tissue microarray (TMA) 16 was prepared from 1-mm-diameter cores from patients whose survival from diagnosis was less than 5 years (n ϭ 34) and greater than 15 years (n ϭ 25) selected from patients diagnosed with FL at St Bartholomew's Hospital between 1974 and 1999. Treatment was variable during the 35-year period under review, and patients were treated according to the current protocol during this period. Of note, only 2 patients received rituximab-containing regimens, in both cases after the 15 year cut-off point, therefore not affecting the assignment to the prognostic groups. Reactive follicular hyperplasia lymph node samples (n ϭ 12) were arrayed as controls. All patients provided informed consent for excess biopsy tissue to be used for research purposes in accordance with the Declaration of Helsinki, and ethical approval was obtained from the North East London Research Board (05/Q0605/140).
Immunohistochemistry and immunofluorescence
Immunohistochemistry staining was performed 16 for CD31, CD34, CD68 (KP1), CD68 (PG-M1), and VWF (Dako Denmark), LYVE-1, Prox-1, Podoplanin, and CD11c (Abcam), and CD163 (Novocastra). Double immunofluorescence labeling of CD31 in combination with CD68 (KP1), CD68 (PG-M1), CD11c, and CD163 was also performed. 17 Vessel quantification, image analysis, and scoring Vessels were quantified using a computerized image analysis system (Ariol, Applied Imaging, Genetix) using pathologist-trained visual parameters. Distinction was made between interfollicular vessels and those within neoplastic follicles based on the characteristic vascular distribution in FL. 18 The software generated vessel numbers and vessel size and allowed further analysis restricted to a defined vessel area. Macrophage density was assessed by absolute macrophage number using image analysis and scored semiquantitatively based on cells/high power field by 2 pathologists (M.C., A.M.L.). Location to the neoplastic follicle was recorded.
Analysis areas restricted to the 200-m diameter were applied to CD163-stained TMA sections. These areas were identified using a subsequent section stained with CD31. The 2 sections were linked by identifying several landmarks used as anchor points. The software offset rotational and expansion differences between the 2 sections. Interfollicular sprouting structures, measuring less than 30 m 2 , were identified using the software, and a corresponding analysis area surrounding the sprout was applied to the CD163-stained section A maximum of 15 analysis areas, spread over 3 triplicate cores, were taken per patient biopsy. Any overlap between analysis areas was avoided where possible.
Extended focal imaging of tumor vasculature
Immunofluorescence labeling of CD31 was performed on 50-m-thick whole sections in both prognostic subgroups. After selection of a capillary or postcapillary venule, focal series were acquired through the depth of the section. Extended focal imaging on the focal series was then performed using the image analysis software CellF Version 24 (Olympus), generating a composite image from differently focused single frames. Digital image processing allowed reconstruction of a 3-dimensional topographic height map of the sample. Vascular processes were classified as sprouts if they were blind-ended and clearly originating from the main vessel body.
Statistics
Data were analyzed using a generalized mixed-effects model with a patient being a random effect and survival status being a fixed effect. The null model was that the counts were Poisson distributed with the patient being the sole effect, and the alternative model included the survival status as an additional effect. P values were calculated using 2 analysis of variance between the 2 models, and the R function "lmer" from the lme4 package was used. Correlation was performed using Spearman rank coefficient.
Results and discussion
Diagnostic FL biopsies were chosen for study from patients at the extremes for overall survival. 16 Initial analysis of vessel numbers, regardless of size, revealed no significant difference between prognostic . This technique builds a composite image of a focal series from 50-m-thick whole sections that can be reconstructed with height lines in 3 dimensions (3-D) using image analysis software (process denoted by black arrows). This EFI analysis identified that the CD31 ϩ vessels measuring less than 30 m 2 in the short-survival FL group (C F) were blind-ending sprouting processes. The white arrows indicate blind-ending vessels in the poor prognosis FL biopsies identified using EFI. Image acquisition: Olympus BX61 camera (Applied Imaging), 40ϫ/0.75 NA; images constructed by CellF Version 24 (Olympus).
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CLEAR et al BLOOD, 17 JUNE 2010 ⅐ VOLUME 115, NUMBER 24 For personal use only. on April 14, 2017. by guest www.bloodjournal.org From groups with any of the endothelial cell markers used (data not shown). Analysis restricted to the interfollicular area demonstrated significantly reduced mean vessel area assessed by CD31 staining in the shortsurvivor group (P ϭ .02; Figure 1A ,C). This difference was driven by increased numbers of small, vascular structures measuring less than 30 m 2 (P Ͻ .01; Figure 1B-C) . To determine whether these structures represented blind-ending sprouting processes, we performed extended focal imaging on 50-m-thick whole sections. We found numerous examples of vascular sprouting in all samples analyzed and used software to reconstruct their 3-dimensional structure ( Figure 1D) . Surprisingly, the increased number of angiogenic sprouts in the poor prognosis group was only highlighted with CD31, an antigen expressed on both blood and lymphatic endothelial cells, but not with other endothelial markers analyzed that are specific to vascular endothelial cells only. 19 The difference appears the result of CD31-expressing vascular channels because analysis with lymphatic specific markers (Podoplanin, LYVE-1, and prox-1) showed no difference between the 2 prognostic groups.
The increased angiogenic activity in the poor prognostic group was observed only in the interfollicular region, making it less probable that this results from tumor-cell driven angiogenesis. We therefore examined the immune infiltrate in the interfollicular area, with particular attention paid to areas with angiogenic sprouts. CD163, a member of the scavenger receptor cysteine-rich superfamily restricted to monocyte/ macrophage lineage, is a useful marker for anti-inflammatory or alternatively activated macrophages (M2 macrophages). 20 We found a correlation between numbers of CD163 ϩ TAM and angiogenic sprouts in the poor prognostic group as assessed both by the histopathologists (Spearman r ϭ 0.4263, P Ͻ .01, 95% confidence interval ϭ 0.1880-0.6171; Figure 2A ) and the automated system (Spearman r ϭ 0.3145, P Ͻ .01, 95% confidence interval ϭ 0.1349-0.4742). Analysis restricted to 200-m areas immediately surrounding these vascular sprouts revealed increased numbers of CD163 ϩ cells compared with reactive controls and those in the good prognostic group (P ϭ .05) ( Figure 2B ).
Our results demonstrate an association between TAMs and angiogenic sprouting in the interfollicular area in FL. A relationship has been seen between macrophage infiltration and vascular density in human breast cancer, 21 renal cell carcinoma, 22 salivary gland carcinoma, 23 and basal cell carcinoma. 24 We are currently investigating mechanisms whereby TAMs drive this process and how to block this process as a potential therapeutic strategy. Of note, in the developing mouse eye, Wnt7b production by macrophages directs vascular remodeling of hyaloid vessels, 25, 26 and this mechanism may contribute to tumor progression in primary mammary tumors, 27 where Wnt7b expression was enriched in a subpopulation of "invasive" TAMs. In keeping with our previous study 16 and those of others, 9, 28 we noted no association between number of CD68-expressing cells and outcome either overall or in interfollicular areas. The reason why CD163-expressing, but not CD68-expressing, macrophages are associated with vascular sprouts is currently under investigation, but CD163 may represent a better marker of M2 macrophages and have higher Wnt7b expression. Further work is required to establish the importance of this proposed mechanism and its relevance to lymphoid malignancies.
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